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A 70m-high slope is currently under construction near the entrance of a cut-and-cover tunnel in the inner loop highway of City of 
Patras – a seismically active area in Western Greece (PGA = 0.24g). The slope consists of marl layers dipping inwards and exhibiting 
distinct sets of joints. The landscape provides evidence that the site has been subjected to a major landslide at an unknown time in the 
past. Geotechnical investigation detected a sheared zone at about 15m below ground surface, and a water table a few meters below the 
planned toe of the slope. The angle and position of the slope surface together with the estimated position of the sheared zone provide a 
chair-like potentially unstable volume with convex plan view. In addition to the general stability problem, surface instabilities due to 
the aforementioned sets of joints create the potential of smaller wedge-type failures near the surface of the slope. Following a detailed 
geotechnical investigation, nonlinear stress finite-element analyses considering both gravitational and earthquake loads were 
performed. The analyses encompassed a number of different assumptions about: (a) depth to water table, (b) soil strength and (c) 
geometry of slope and soil layer interfaces. Results show that adequate safety can be achieved using a combination of piles and 





The inner loop highway of the city of Patras, in South-Western 
Greece, is currently being constructed to provide a quick by 
pass to the heavily trafficked city center. Its total length is 2.5 
km and drives through the vicinal hills, as shown in Figure 1. 
Apart from the difficulties due to the rugged topography, the 
geotechnical conditions significantly complicate the project. 
The area consists of severely tectonized and weathered 
neogene–pleistocene sedimentary formations and alluvial 
deposits, in sequential layers of sands and gravels, silty sands, 
weakly cemented sandstones, sandy marls and pure marl 
layers of varying stiffness and plasticity.   
 
The design includes two cut-and-cover tunnels with overall 
length of 420m, a valley bridge and a great number of cuts that 
result to slopes of significant height. The stability analysis 
reported in this paper refers to a cut in the position shown in 
figure 1, where a terrain’s protrusion intersects the highway 
axis very close to the entrance of the first tunnel. 
 
Figure 2 shows the contour lines of the protruding volume. 
This volume had been partly excavated during the preliminary 
works, which revealed the fresh cut faces A and B. Face A, 
showing the lower part of the protruding volume, is depicted 




Fig.1 Plan view of inner loop highway, Patras, Greece, 
showing project location 
 
An uphill view of the area of interest is depicted in figure 4, 
where face B of figure 2 appears in the lower middle in the 
vicinity of point 3. Related information contained in these 










Fig. 2 Topographic map and cross section of the protrusion 
 
In this location, the height of the cut to be excavated exceeds 
an impressive 40 meters. If the inclination of the physical 
terrain is taken into account, the overall elevation of the slope 
exceeds 65-70 meters, a substantial height for this type of 
geology. Due to potential stability problems, alternative design 
solutions were explored, including an expensive cut-and-cover 
and a semi-covered tunnel. Due to budget constraints, it was 




SITE INVESTIGATION  
 
For the purposes of the ensuing stability analyses, a 
comprehensive geotechnical exploration program was 
conducted by the authors in collaboration with the contractor. 
It was quickly realized that the slope height was only one of 
the problems to be encountered. Ample evidence was 
discovered, that the protruding volume is part of a large 
landslide that took place at an unknown time in the past. This 
is indicated by the topographic maps, plus a displaced and 
bent streambed of a seasonal stream at the toe of the sloping 
area. The main body of the landslide is identified in area 1 of 
figure 4. The protruding volume in concern shows two scarps 
(point 2) and is most probably a secondary slide located at the 
left end of a major one, as indicated by the change in 
inclination of the strata of the marl near point 3. This change, 
together with an associated vertical crack, indicates the 
possible effect of the lateral down-drag forces due to the major 
landslide, as shown in figure 5. In figure 3 we also observe a 
wedge shaped area (area 2), filled with coarse grained material 
– an indication of a gap created during the downward 





Fig. 3 Face A of partial excavation 
 
The slope consists of layers of marl striking 16ο N.E. and 
dipping 20ο to 30ο inwards, as shown in figure 3. This 
orientation is beneficial regarding stability, but impairs 
drainage, as the permeable layers, which are confined by 
impermeable ones, can operate as water reservoirs in the soil 
mass. In fact, water was dripping out at the location 1 of figure 
3 (location WF in figure 2) through a permeable layer of sandy 
gravel. 
 








Fig. 5 Face B – Change of the inclined strata of the bedding 
planes  
 
In addition to the bedding planes, the mass of the marl has a 
number of planar joints with different orientations which may 
form potentially unstable wedges. Such planes are indicated in 
figure 6. 
 
From the position of the scarps, the actual soil profile and the 
position of the displaced streambed, it is inferred that a chair-
like to circular failure surface may exist. The assumed surface 
is shown in figure 8. Based on the position of the surface and 
the equality of volume before and after landslide, a probable 
profile has been reconstructed. The depth of this surface from 
the excavated level of the highway was estimated to be 
between 15 to 20 meters. Therefore, two additional boreholes 
(D1 and D2), shown in figs 2 and 7, were executed to identify 
the actual stratification and structure of the sliding surface. 
 
 
Fig. 6 Secondary joints 
 
Borehole D1 confirmed the landslide hypothesis, after a 
sheared zone in the marl was identified at a depth of 13.5 to 
17.5m below road level. Figure 9 shows the slicken-sided 
surfaces of the intensely sheared zone. In addition, a water 
table about 10m below the road level was detected. The 
existence of water had not been reported in the preliminary 
geotechnical survey (conducted in the late 1980’s) and, 
accordingly, the slope was considered to be dry. It is 
remarkable that these observations were made in a dry period 
(August 2006), but there was no possibility for long time 
monitoring as part of this project, for the stability analysis 
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took place essentially during construction and had to be 
completed as quickly as possible. Figure 7 shows the position 
of the temporary (face B of figure 2) and final excavations, as 












For the stability analysis of the slope, two failure mechanisms 
were considered: a) a sliding mechanism along the pre-
existing failure surface, b) shallow instabilities due to wedge -
type failures along pre-existing sets of joints and erosion of the 
material, as shown on the fresh excavated face in figure 3. 
 
To mitigate the risk for the second type of failure, it was 
decided to install a 2m by 2m square grid of passive anchors, 



































Fig. 9 Sheared zone material 
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slope both from wedge instabilities and erosion. In fact the 
marl formations are highly affected by the presence of water, 
apart from the ordinary excess pore pressure problems. These 
materials are easily eroded by rain water, while saturation can 
cause softening and loss of apparent cohesion. This suggests 
that, although they can often be considered as “soft rock”, 
these formations may loose strength and create instabilities. 
 
The stability analysis for the sliding failure mechanism was 
conducted by means of a two-dimensional non-linear finite-
element model, using the commercial computer code PLAXIS 
2D. To analyze the sliding failure mechanism, a typical 
section had to be constructed. The representative section 
selected is section α’-α shown in figure 2. Based on the 
geotechnical investigation, the soil profile was idealized as 
follows: a) an upper zone of weakly cemented conglomerates 
(material A), b) a central zone of sandy-silty marls and silty-
clayey yellow marls with layers and lenses of coarse grained 
materials (material B), c) a continuous zone of solid clayey-
silty and clayey-silty-sandy blue marls of higher plasticity 
(material C) and d) a sheared zone, which, for the needs of 
these analyses, is divided in two sections, I1 and I2. Section I1 
is the boundary between two sectors consisting of material B 
or B and C and section I2 divides two sectors consisting of 
material C. These zones together with the corresponding finite 
element mesh are shown in figure 10. 
 
The idealized cross section considers a sliding surface in the 
soil mass conforming to the aforementioned chair-like failure. 
The mechanical properties along the surface are estimated on a 
conservative basis. This consideration is compatible with the 
results of direct shear laboratory tests on specimens obtained 
from the sheared zone in borehole D1. Accordingly, the failure 
surface is modeled using appropriate interface elements.  
Three types of soil materials are used, according to the 
aforementioned zones, as shown in figure 6. The entire 
excavation in front of the failure surface is considered to be 
slided materials of type B, in accordance with the borehole 
data. The mechanical properties of all the aforementioned 
material types and the corresponding interfaces are 
summarized in Table 1. These values have been derived by 
combining results from various laboratory tests (shear and 




Fig. 10.Idealized cross section and FEM mesh 
 




          E                      c                      φ’     
        kPa                  kPa                                  
A 35000 80 38 
B 12000 130 30 
C 14000 200 28 
I1  5 28 
I2  15 25 
 
authors, data from in-situ tests (SPT) and empirical 
correlations from the literature. However, although the 
strength characteristics of interface I2 were derived 
experimentally, these might overestimate the actual values, 
since the sample size was small and the material presented 
coarse lamps with slickensided surfaces that create a rough 
stepped shearing surface as shown in figure 9. The effect of 
the stepped shearing surface may be important for samples of 
such a scale, but be much less pronounced for the real scale. A 
more adequate value of the residual angle φ for this kind of 
material was estimated close to 20ο.  
 
Due to uncertainties in the value of this parameter, the actual 
position of the water table and the maximum expected water 
pressures in the shear zone, it was decided to install a line of 
cast-in-place concrete piles intersecting the sheared zone. The 
piles are 22m long and 1m wide installed along the toe of the 
slope at a spacing of 2,5m. In addition, since the thickness of 
the material remaining between the final face of the cut and 
the estimated sliding surface is relatively small, it was decided 
to extend the length of the anchors beyond this surface, to a 
total length of 12m (14m for the first step). The anchors are 
D25 steel bars (category S500). 
 







Fig. 11. FEM mesh with anchors and piles 
 
The analysis was made considering both gravitational and 
earthquake loading. According to the Greek Seismic Code 
(EAK 2003), the slope has to be subjected to horizontal 
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The minimum accepted factors of safety are 1.4 for 
gravitational and 1 for combined gravitational-seismic 
loading. To account for time variation of seismic loading and 
ductility effects, ground acceleration can be reduced by a 





The slope was analyzed using the c-φ reduction method, 
taking into account the excavation process. The analyses were 
carried out for two levels of seismic coefficients, a = 0.12g 
and 0.24g, with two and three benches and with some or all of 
the benches anchored. Three benches 12m high with 1:1 slope 
were selected. In the ensuing, five characteristic cases are 
presented that summarize the analysis process. 
 
First, the assumed initial slope configuration (figure 12) was 
analyzed with deactivated failure surface (interface elements). 
The results indicate that a failure surface, similar in shape and 
location to the one detected, occurs under appropriate water 
table conditions. 
 
Second, the slope was analyzed for the actual (partial 
excavation) profile, assuming active sliding surface (figure 
13). The corresponding factor of safety (F.S.) was 1.51. This 
indicates that for the assumed water table, the slope has a 
factor of safety 1.18 for φ=20o. 
 
Third, the analysis was performed for the final excavation 
without any support, as shown in figure 14. In this case, the 
factor of safety increases to 1.83, or 1.43 if φ=20ο. 
 
Fourth, the slope was analyzed for earthquake loading with 
seismic coefficient a = 0.24g. The corresponding factor of 
safety is 1.14, or 0.89 for φ=20ο. 
 
Fifth, the analysis was performed including anchors 
distributed on the three benches and a single row of piles at the 
toe. The critical mechanism for this case is depicted in figure 
16 and gives F.S. = 2.21 or 1.72 if φ=20ο, and with seismic 
coefficient a = 0.24g F.S. = 1.3, or 1.09 for φ=20ο.  
 
The results of the analysis show that the remedial measures are 
necessary and they provide an acceptable safety factor for both 
gravity and earthquake loading, provided they are combined 
with an adequate surface drainage network that evacuates the 
rain water. The final appearance of the slope after construction 





Gravitational and earthquake stability analyses were presented 
for a 70m cut near Patras, Greece. Sufficient safety was 
achieved using a combination of passive anchors and piles at 
the face and toe of the cut, respectively. The finite element 
method was proven a versatile tool in evaluating the adequacy 
and effectiveness of various remedial measures at different 
stages of construction of the highway slope. However, for 
natural slopes, the proper understanding of the geological 
environment and the various related factors that affect stability 












Fig. 14 Final profile under gravity loading 
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